sulting coatings have been studied by a number of authors [4, 5] . The objective of such studies is to understand how Finite element simulation techniques have been applied to the spreading process of single ceramic liquid droplets impacting on a the properties of the coatings correlate with the parameters flat cold surface under plasma-spraying conditions. The goal of the of the production process. The present account addresses present investigation is to predict the geometrical form of the splat one fundamental issue that influences the final properties as a function of technological process parameters, such as initial of ceramic coatings; namely the heat transfer and material temperature and velocity, and to follow the thermal field developing flow phenomena associated with the impingement, spreadin the droplet up to solidification. A non-linear finite element programming system has been utilized in order to model the complex ing, and solidification of liquid droplets on solid cool surphysical phenomena involved in the present impact process. The faces.
INTRODUCTION
conditions of spreading and solidification during impact.
The problem of investigating the in-flight and impact The plasma spray process is a convenient way to coat behaviour of the melted particles is presently tackled at structural parts with a layer of another material, protecting different levels: them from thermal shock or aggressive environment. As
• information about the heat transfer, fluid flow, and in other thermal spray methods, this coating layer is formed solidification processes is sought by use of laser techniques by the impingement of small molten particles on the sub- [6] [7] [8] , high speed photography [9] , or videography [10, 11] . strate to be coated. In the case of plasma spray, the source However, such information is difficult to obtain and is of heat that melts the particles of the coating material is available in an extensive form merely for special study a plasma torch, at very high temperature (ca 20,000 K).
cases. This manufacturing process has been described in detail elsewhere (see, for example, [1] ). The quality of the coating
• on the other hand, it is possible to conceive theoretical obtained depends on a large number of parameters, like and numerical models for the investigation of the impact the design and the power of the torch, its position relative process phenomenom [10] [11] [12] [13] . Such models, once valito the substrate, the type of powder used, the way it is dated by experiments, can be used to interpret transient introduced into the plasma, and the nature and preparation behaviour and to extend experimental knowledge to differof the substrate. Traditionally, the above process parame-ent parameters' space regions. ters have been optimized empirically.
The output of such experimental and theoretical studies In recent years, much progress has been made in underis also used as the foundation of discrete models for the standing the physics of plasma spraying, particularly the physics of the plasma and the plasma-particle interactions spraying deposition process [15, 16] . The latter, can ultimately link the single particle behaviour to the final coating (see, for instance, [2, 3] ). The microstructures of the re- Table III) ; bottom, Ͱ c ϭ 5 ϫ 10 6 W/m 2 K (case n ϭ 9 of Table III) .
FIG. 15.
Partially melted particles: Top, 83% melted; bottom, 36% melted (dark, unmelted; light, liquid).
microstructure and therefore to its thermal and mechanical the ratio of the final disc diameter, D, to that of the original particle, d ) of the impacting particles for different cases properties. In this connection, the impacting sequence of droplets is important as investigated in [14] .
(degree of solidification, Reynolds number, and Weber number). If it is further assumed that solidification can be In reviewing previous modelling work on the subject one of the most far reaching, although simplified, approaches, is ignored, a simple equation for the spreading degree may then be obtained, due to Madejski [17] that investigated the impingement and solidification of liquid droplets both theoretically and numerically. He made four main assumptions: first, that the kinetic energy of the particle goes completely into 3
viscous dissipation and changes in surface energy due to the change of shape; second, that the particle deforms to a thin disk; third, that heat flow is everywhere normal to provided that the Reynolds number, R ϭ Vd/Ȑ, is greater than 100. In (1), W ϭ V 2 d/ is the Weber number, and the surface; fourth, that the velocity field is the simplest one satisfying the continuity equation. The model predicts , V, d, Ȑ, and are the density, velocity, diameter, viscosity, and surface tension of the droplet. McPherson [5] has asymptotic values for the spreading degree ϭ D/d (i.e., previous models, their formulation refers to the Lagrangean description of material motion and is combined to mesh gen- Accordingly, reference to the pertinent literature on the Initial particle temperature, T o 3200 Ϭ 3400 (3400) K subject is extensive in [13] . One might add to this list the [34] . For the purpose pointed out that for plasma spraying the term 3 2 /W is of the present study, a nonlinear finite element procedure negligible. With reference to Table I , the Weber number has been compiled from the advanced library of the FEPS within our range of interest is between 3000 and 15000. system in order to model appropriately the physical pheAccordingly, the first term in Eq. (1) is approximately 30 nomena involved. We gave preference to the Lagrangean to 50 times lesser than the second term. We thus obtain branch of the software. Thereby the dynamic motion of the viscous melt in the drops as constrained by surface tension and the developing contact with the substrate, is ultimately
coupled to transient thermal phenomena. Friction phenomena as well as thermal phenomena, accounting also for the solidification of the material, were conveniently implewhere M is a constant coefficient equal to 1.2941 in Madejski's analysis. For Reynolds numbers less than 100, R mented in the finite element approach.
The organization of the article is as follows. First the should be replaced by R ϩ 0.9517. This formula has been examined both experimentally and numerically; results in-description of the mathematical and numerical formulation of the problem to be modelled is summarized in Section dicate that it tends to overestimate the measured final diameter [10] [11] [12] 18 ].
2. A discussion on the relevant input parameters and boundary conditions of the model follows in Section 3. A different approach has been developed using shock theory by Houben [19, 20] and the morphological charac-Results for complete simulations of impact processes and sensitivity studies on the variation of process parameters teristics of the final shape of the splats have been deduced. In this regard it is not clear if a shock wave approach is are reported in detail in Section 4. In the subsequent discussion of the results the utilization of the proposed model fully legitimate in treating impacts in thermal spraying since the Mach numbers involved are low (0.05 or less) as in correlating spreading degrees with the initial process parameters is indicated. The latter issue is required as an pointed out by Trapaga and Szekely [10] . Moreover, this particular theory does not explicitly relate final geometry input for modelling the material deposition. and initial conditions, i.e., the relevant information needed in models of the deposition process.
NUMERICAL FORMULATION
A completely numerical approach has been followed by Trapaga et al. [10, 11] , where both fluid flow and thermal 2.1. Impact Motion phenomena have been considered. The fluid flow and therIn view of the discretization of the impact problem by fimal governing equations are there solved within a finite difnite elements, we propose the weak form of the momentum ference formulation and implementation referring to an Eubalance for a volume element V bounded by the surface S, lerian description of motion. In [12] Yoschida et al. presented also a numerical simulation of impacting droplets based on a variant of the marker-and-cell technique (MAC)
for the solution of the Navier-Stokes equations for moving free surfaces. A finite element approach was developed by Fukai et al. in [13] for the very purpose of the axisymmetric In (3), denotes the density of the medium, v is the 3 ϫ 1 velocity vector and is a 6 ϫ 1 array comprising deformation of liquid droplets during impact. In contrast to the independent components of the Cauchy stress: ϭ Introducing next the finite element approximation in (3), we obtain the equations of motion for the discretized ͕ xx yy zz ͙2 xy ͙2 yz ͙2 xz ͖. Also, the body force vector acting per unit volume is denoted by f; the vector of surface system in the matrix form [22] : traction per unit surface is denoted by t. The symbols ṽ and ␦ stand for a virtual velocity field and the associated MV .
rate of deformation, respectively. The latter is represented by a 6 ϫ 1 vector array based on the symmetric part of In (8) , M denotes the mass matrix of the system and N is the velocity gradient: ␦ ϭ ͕ͳ xx ͳ yy ͳ zz ͙2ͳ xy ͙2ͳ yz ͙2ͳ xz ͖.
the convective matrix. The vector array W comprises the The specification of the inertia term in (3) depends on velocities of the nodal points which may be moved indethe choice of the reference system for the motion of the pendently of the material particles temporarily occupying material. It is expected that large deformations of the me-the same locations (velocity V). The vector S collects the dium may deteriorate a computational mesh which follows resultants of the internal stresses at the mesh nodal points, completely the material motion (Lagrangean approach). R represents the discretized external forces. On the other hand, a computational mesh fixed in space For typographical brevity we detail in the following the (Eulerian approach) seems not suitable for the description transition from the continuum (cf. (3)) to the discretized of the motion of the bounding surface. For the above system as represented by (8) only for the stress term. Utilireasons we indicate ab initio the possibility of an indepen-zation of the finite element kinematics for the stress term dent motion of the reference system characterized by the in (3) yields the volume integral for an individual element local velocity w(x, t). In this case the acceleration of material particles in (3) is expressed by
Accordingly, the vector array P e comprises the resultants of the element stress at the nodal points. The extension The first term in (4) represents the acceleration at the to the integral over the entire discretized domain is effected location considered, the second, convective term depends by summation of all element contributions (9) and may be on the velocity w of the motion of that location, as com-symbolized by the matrix operation pared to the particle velocity v there. For w ϭ v the reference system follows the motion of the material and the
S.
(10) convection term vanishes, whilst w ϭ 0 refers to a system fixed in space.
The stress resultants at the mesh nodal points, In the finite element methodology the velocity field is approximated within each finite element by S ϭ ͕a e ͖ t ͕P e ͖ ϭ a t P,
are thus obtained with the element contributions P e as from (9) . The computation of P e is based on an evaluation where the 3n ϫ 1 vector V e comprises the velocities of the of the volume integral for the stress at the actual geomen element nodal points and the matrix contains the try of the element. The latter is a result of the motion of interpolation functions. The rate of deformation may be the discretization mesh with the velocity W. derived from (5) in the form For the viscous isochoric medium considered here, the deviatoric part of the stress is related to the rate of defor-␦ ϭ a e V e , (6) mation by the viscosity coefficient Ȑ:
with the matrix a e representing the customary small strain
operator obtained from the element kinematics at the actually deformed state.
Also, a relaxed isochoric condition is used and relates the Also, the velocities at the nodal points of individual hydrostatic stress to a negligible volumetric rate of deforelements are extracted from the 3N ϫ 1 array V collecting mation the velocities at the N nodal points of the finite element mesh. This operation may be symbolized by H ϭ 3ͳ V (13) via the numerical penalty factor Ǟ ȍ. V e ϭ a e V.
The element stress resultants P e as in (9) then be-to V. For convenience, the gradient is approximated by the expression come
and, although the material viscosity matrix collectively which considers the inertia term and accounts merely represents both (12) and (13), evaluation for the hydro-for a linear dependence of the stress resultants on the static part of the volume integral is performed to a lower velocity, whilst the nonsymmetric contribution from the approximation than for the deviatoric part in order to convective term is avoided as is also a possible dependence avoid overconstraint by the isochoric condition. With of the applied forces on the kinematics of the deformation. (14) , the stress resultants at the mesh nodal points in When points on the surface of the medium contact the (11) may be expressed in terms of the nodal point veloci-target, contact forces F n normal to the surface and friction ties by forces F t tangential to it are accounted for in the model via the expressions
F n ϭ Ϫk n v n (20) where D represents the viscosity matrix of the discretized system as referring to the penalty approach to the iso-and choric condition.
We return to the finite element equation of motion, (8) ,
which is an ordinary differential equation for the velocity, and obtain a fully algebraic equation by linking velocity Since the material velocity v n normal to the surface of the and acceleration via an approximate integration within a target must be suppressed upon contact,
The following implicit approxia penalty factor associated with a relaxed contact condimation scheme is based on the acceleration b V . at the end tion. The factor of the time increment under consideration. It furnishes the velocity,
in the above kinematic formulation of a friction force opand the nodal point positions posed to the tangential velocity v t , does not restrict the friction law for ͉F t ͉. As an example, for the Coulomb law we have ͉F t ͉ Յ c f ͉F n ͉ in (22) and c f is the friction coefficient.
The limitation by k max corresponds to a penalty approach to the condition of sticking. at time instant b t at the end of the increment which are
The contact reactions act on the medium in addition to necessary in order to obtain the geometry of the discretizathe applied forces. The complete kinematic description of tion mesh if this is chosen to follow the motion of the the contact forces by (20) , (21) in conformity with the material. The parameters a, b, c, d in (16) and (17) control viscous nature of the deformation problem, however, sugthe numerical performance of the integration and may gests rather a modification of the stress resultants in the be adapted to particular time stepping schemes known in system by the literature.
The system (8) which may be nonlinear in the velocity is solved for Vϭ
and, accordingly, of the system matrix in (19). In (23),
͖ i (18) denotes a diagonal hypermatrix accounting for the joint action of F n and F t at the nodal points currently in contact with the target. Thereby the structure of the system matrix and furnishes the result of iteration i ϩ 1 using the data obtained in the ith iteration cycle. The best choice for the D is not affected by the variation of the boundary conditions during the course of the impact. This fact facilitates iteration matrix H M is based on the inverse of the gradient of the residuum within the brackets in (18) with respect considerably the computation.
Thermal Phenomena
back to the second term of expression (25) for the time rate of the particle temperature and vanishes in a Lagrangean During impact, intense thermal phenomena occur which description of the problem in which the reference system are significant for the deformation of the impacting liquid moves together with the material (w ϵ v). The conductivity on account of a temperature-dependent viscosity coeffi-matrix L comprises, in addition, that part of the heat transcient, for the process of solidification and for the formation fer through the surface which depends on the actual temof the microstructure. The transient temperature field perature. T(x, t) in the medium is governed by the balance of energy At this place we remark for completeness, that in order which may be stated in a weak form as follows:
to account for solidification, the associated latent heat effect is modelled by a suitable modification of the specific heat capacity in the matrix C within the temperature inter-
val specifying the change from the liquid to the solid phase. In particular, denoting by T L and T S the liquidus and the
solidus temperatures, respectively, we may define the modified specific heat capacity as
In (24), c denotes the specific heat capacity of the medium,
is the thermal conductivity, and Ͱ is the heat transfer coefficient. The reference ambient temperature is denoted where q L is the latent heat appertaining to the solidificaby T ȍ , T represents a virtual temperature field. The first tion process. term in the volume integral on the left-hand side of (24) The definition of the apparent heat capacity c* in (27) accounts for the rate of change of the internal energy in supplies the enthalphy change ͐ c* dT for the transition the medium; the second accounts for the heat exchange in from T L to T S . The approach is applicable as long as the the interior via conduction. On the right-hand side of (24) interval (T L Ϫ T S ) is finite. In the case of pure materials we then have the heat transfer through the surface of the the phase changes at a specified temperature; hence the medium and the heat generated in the interior by the temperature interval in (27) is then a numerical artifact. dissipation of mechanical work during the viscous deformaIn this connection, we found previously that diminishing tion. All the integrals and gradients in (24) are to be evaluthe temperature interval affects the transient process but ated in the actual geometry at the considered time not the ultimate stationary solution in fixed-flow domains. instant.
The situation might be different if phase change occurs Following the same approach for the description of the concurrently with mechanical deformation. thermal problem as in the mechanical case we may write A fully algebraic equation for the thermal problem is the time rate of the temperature in analogy to (4) as obtained by linking in (26) the temperature and its time rate within a time increment
Then, an approximation of the temperature field within each finite element by a suitable interpretation of (5) and where application of the formalism outlined in Section 2.1 furnishes the finite element expression of (24). Ultimately, 0 Յ Յ 1 (29) one obtains the matrix equation governing the discretized thermal problem as is a collocation parameter. At a fixed state of motion, the solution of the system (26) in conjunction with (28) may 
nodal points. The latter reflects the rate of mechanical dissipation on the one hand and part of the heat transfer Here, the iteration matrix is taken as through the surface on the other hand. The matrices C, K, L represent the heat capacity, convection, and conductivity of the system, respectively. The convection matrix K goes
and where v . , T . refer to material particles with velocity v and Ѩv/Ѩt, ѨT/Ѩt to mesh positions moving with velocity w. Still,
(32) the spatial gradients required in (34) represent a critical issue for discretized solutions. Furthermore, an incremenis a convenient approximation to the gradient of the resid-tal technique based on (34) is restricted to small displaceuum in the brackets in (30) with respect to the iteration ments of the mesh relative to the material and therefore variable T . . implies a continuous modification of the mesh in the course Since the thermal equation (26) and the mechanical of the computation. equation (8) interact via the temperature and the deformaAlternatively, the obtained Lagrangean solution may be tion, they represent a coupled system. The fully algebraic referred to an a posteriori modified discretization mesh by version of this system implies the approximate time inte-means of interpolation. This requires the specification of gration schemes (16), (17) , and (28) and may be symbol-the nodal point positions of the modified mesh with respect ized as to the actual mesh for which the solution was obtained; cf. [23] . Let the nodal point r of the new mesh be contained
(33) within the element e of the actual mesh. The solution at r is then obtained in accordance with the finite element In the numerical computation, the solutions of the above approximation from the nodal values of the element. Rephysical subsystems are coupled iteratively. Thereby, the ferring, for instance, to Eq. (5) for the velocities we have mechanical equations of motion are solved for the velocity at a fixed distribution of temperature and the thermal equa-
tions for the temperature rate at a fixed velocity field. The partial solutions may be performed in parallel or in
The value v r at new nodal point r is determined by an sequence and the results are exchanged accordingly before evaluation of the interpolation for its position x r . The a new iteration cycle starts for the coupled problem; cf.
above technique is not based on a continuous variation of [24, 25] .
the nodal point positions and thus allows for occasional modifications of the mesh. Furthermore, the number of 2.3.
Modifications of the Finite Element Mesh
nodal points in two consecutive meshes may be different, so In order to avoid severe distortions of the computation that the mesh or parts of it can be completely regenerated if mesh which affect the quality of the numerical solution neccessary. nodal points may be allowed to move independently of Up to now, we were concerned with the presentation of material particles. This was fully accounted for in the for-the numerical solution of the thermomechanically coupled malism of Sections 2.1 and 2.2 so that the solutions for impact problem with reference to a computational mesh velocity and temperature refer to mesh nodal points with deforming independently from the material. The artificial velocity w different from the particle velocity v at the same deformation of the discretization mesh, however, has to locations. The artificial motion of the computation mesh be steered such that the quality of the numerical solution as based on w is to be chosen such that quality is maintained is maintained throughout the computation despite any undespite the distortion of the material. Thereby, bounding favourable deformations of the material. To this purpose surfaces of the material have to be respected which means an improved position x r of nodal point r may be deterthat for the velocities normal to the surface w n ϭ v n whilst mined by w t ϶ v t in the tangential direction.
The expressions appearing in the equations governing impact motion and transient temperature because of the (36) artificial motion of the reference system are nonsymmetric and inherently nonlinear and cause computational inconvenience. It may therefore be preferable to solve at each Here, the vector x e comprises the coordinates of the centre of gravity of element e, w e is a suitable weighting factor, time instant a Lagrangean problem first for which the computational mesh follows the material motion and to per-and summation extends over all elements connected to node r. The effect of (36) is a balancing of the weighting form the artificial motion of the mesh nodal points subsequently whilst particle positions remain fixed in space. factor among the elements surrounding the nodal point.
The weighting factor may be chosen in accordance to an Reference of the solution to the computation mesh may then be based on the convective expressions (4) and (25) as error criterion for the numerical solution [24] or it may be of geometric origin. If based on the volume of the elements, for instance, activation of (36) produces finite elements
34) approaching ideal geometrical shape and with smooth tran-sition of size within the mesh. Instruction (36) for the modification of nodal point positions is equally applicable to the improvement of the mechanical or the thermal solution, depending on the choice of the error criterion. In particular, nodal points might follow the propagation of the solidification front. Under certain circumstances, the above modification procedure may be not sufficient and a complete or partial regeneration of the discretization mesh is then required. To this end an automatic mesh generation algorithm [26] has been modified for activation during the course of the numerical simulation [27] . The original algorithm performs an automatic generation of the finite element mesh on the basis of blocks and mean element sizes defined by the user, the specification of refinement regions and factors. Its utilization for mesh regeneration during computation is straightforward, the transfer of the numerical solution to the new mesh follows the interpolation procedure described previously.
PROCESS PARAMETERS, MATERIAL DATA, AND BOUNDARY CONDITIONS
Although the relevant primary process parameters for plasma spraying (like voltage settings, current intensity substrate temperature) are well known, the detailed information needed in our numerical analysis of ceramic droplets (for example, particle temperature and velocity inside the flame and particle material properties) is nevertheless not generally available.
In the present study we have used a single set of process Vardelle et al. [28] for the case of thermal spraying of yttria stabilized zirconia (8% wt Y 2 O 3 ). In particular, in the following simulations, we have relied on the reported where T is the temperature in K, Ȑ is the viscosity in mPa s, measurements of particle size, impact velocity, and in-flight and A is a coefficient that remains to be determined for particle surface temperature distributions for the aforethe zirconia material. With references to Table I we obtain mentioned ceramic powder. Table I collects the range of from (37) for Ȑ ϭ 42 mPa s at T ϭ 3200K, the value process parameters and material data that have been con-A ϭ 9.70. The viscosity increases as temperature decreases sidered in the numerical studies; numbers in brackets indifollowing (37) up to the liquidus solidification temperature cate the values used in our reference case.
as shown in Fig. 2 , top for A ϭ 9.70. Then, its value is Material data for fused and sprayed zirconia are exincreased (rapidly, but smoothly, following an exponential tremely variable, and only reasonable average values can functional dependence within the range between the liqbe usefully extracted from the literature. The viscosity is uidus and solidus temperatures) by orders of magnitude perhaps the most critical material parameter to assess. We to simulate the stiffness of the solid material (see Fig.  have made use of the following temperature dependence 2, bottom). deduced by a scaling procedure proposed by Harding [30] Another important physical property that depends and based on the experimental measurements of the viscosstrongly on the spraying conditions is the temperature field ity of a structurally similar oxide (namely, UO 2 , from Fink inside the particle at the instant of impact. Torch characteret al. [31] ), istics, gas velocity and composition, particle granulometry, and trajectory inside the flame influence heat flow to and from the particle (see, for example, Vardelle et al. [2] ).
During its flight the particle experiences a rapid and violent Thermal and mechanical boundary conditions during the spreading of the droplet. A combined numerical and impact are indicated in Fig. 3 . Thermal boundary condi-experimental investigation of this issue for water droplets tions comprise heat flow from the droplet to the substrate may be found in the paper by Fukai et al. [32] . The proand to the surrounding gas. The latter is controlled by posed approach requires specific experimental data on the the radiation emissivity of the material interpreted as wettability of the substrate as input to the numerical convective heat transfer in conjunction with a temperature-model. dependent heat transfer coefficient and was found to give Table II specifies the range of thermal and mechanical a minor contribution to the dissipation of heat during the boundary condition parameters investigated in the followfast spreading and cooling process. The fundamental ther-ing numerical studies. mal process is heat flow to the substrate, as will be confirmed in the present study. In particular it is found to be essentially determined by the interface properties; thermal
APPLICATIONS
conductivity of zirconia and of substrate material play a minor role, compared to the thermal resistance at the inter-4.1. Description of the Simulation face. In simplified modelling, heat flow to the substrate was substituted by convective heat transfer with fictitious
The computational methodology outlined in Section 2 is available in the Finite Element Programming System heat transfer coefficient Ͱ c and reference temperature T ȍ . Detailed consideration of the transient thermal conditions (FEPS) developed at the Institute for Computer Applications. The basic software was described in [34] . The rein the substrate was thus avoided.
Mechanical boundary conditions imposed in the model search system comprises software modules for the simulation of fluid flow, deformation of solids, and transient are (i) the surface tension and (ii) Coulomb friction with friction coefficient c f upon contact with the substrate. temperature analysis, and it is capable of coupling individual processes. The above concept of multi-physics simulaSurface tension is found to have a negligible effect in slowing down the splashing process, compared to viscous dissi-tion is being steadily extended. At the present stage, mesh generation, adaptive refinement, and a general description pation. The contact friction may either cause material points on the surface of the droplet to stick to the substrate of dynamic contact and friction are available as well. The finite element library allows the handling of two-dimenor allows them to still slip away. However, simulations have shown that a variation of the friction condition has sional and completely three-dimensional problems.
In order to comply with the particular requirements of only an influence on the deformation of the material close to the contact surface, without affecting the final splat the present impact problem, an algorithm was compiled as based on the Lagrangean description of the dynamic shape. We did not consider here the wetting effects on motion of a deforming viscous medium coupled to the temporal development of the temperature distribution. The local temperature indicates onset and completion of solidification which effects a marked increase of the material viscosity, a function of temperature. The surface tension is imposed as an external loading via surface elements. The evolution of contact with the substrate, assumed to be rigid, is followed during the course of the incremental time-stepping of the impact process. Nodal points of the droplet model contacting the substrate develop normal and tangential forces in accordance to the kinematic (viscous) FIG. 3 . Boundary conditions. approach described in Section 2.1. The appearance of se-the droplet free surface. Accordingly, two types of mesh redefinition have been used in the continuation of the simulations:
• a local redefinition of the mesh was applied when the element deformation due to the dynamic motion becomes too high to maintain the quality of the solution. To this purpose, the aspect ratio of the concerned quadrilateral elements was monitored automatically during the simulation. When it exceeded a prescribed value, the computation was interrupted. The mesh was then modified and the calculation was restarted with the new mesh.
• a global redefinition of the mesh was applied when the shape of the droplet free surface was changed drastically by the dynamic motion. In this case the aspect ratio of all quadrilateral elements was monitored automatically during the simulation. In the case of high distortion, the computation was interrupted, the mesh globally regenerated, and the calculation restarted with the new mesh.
In Fig. 4 , the deformed mesh at t ϭ 0.04 Ȑs is shown prior to local redefinition. The mesh at t ϭ 0.12 Ȑs demonstrates the result of global regeneration. Figure 5 refers to a different computation mesh designed vere deformations in the Lagrangean mesh during the ab initio finer in the region close to the impact front. The course of the computation necessitates redefinition of the top part of the figure shows a typical deformed mesh at a discretization mesh which is not executed continuously but local critical stage where the computation had to be halted rather occasionally when certain geometric criteria are because of extensive local distortion. Figure 5 (bottom) met.
provides a detail of the region where the distortion reached In the following, we first present in detail a reference a maximum (almost always in the vicinity of a node coming simulation run. It describes the thermomechanically cou-in contact with the substrate). pled computation of the normal impact of a completely molten spherical particle on a flat, rigid surface. Then we extend the investigations to sensitivity studies on the process parameters and to the case of partially melted particles.
The thermomechanical simulation is performed until the motion of the splat on the surface stops. The thermal calculation is continued further in order to investigate the cooling down process until complete solidification of the splat. Axial symmetry is utilized and decreases the size of the problem. Figure 4 shows the discretization by quadrilateral axisymmetric elements (four nodes), employed for both the mechanical and the thermal phenomena in an initial investigation of the problem, together with a sequence of deformation during impact.
For every impact event the simulation always starts with an initial mesh representing a sphere of given radius, velocity, and temperature distribution at the instant of the impact with the substrate. In preliminary studies a uniform mesh, such as in Fig. 4 , was used to investigate the type of deformations present in the process. Two levels of deformation could be recognized: close to the contact region the deformation is local in nature, whilst global defor- mation introduces pronounced changes in the shape of process. Typical computations extend over 10,000 time steps for axisymmetric meshes of 600 to 1000 elements. Normally 30 to 45 mesh regenerations were needed and the necessary CPU time on a VAXstation 4000 computer was between 30 to 40 h.
The thermal and mechanical evolution is independent of the size of the initial mesh and of the subsequent refinement if a sufficient number of element is used (Ն500). We considered the motion of the splashing to be completed when the kinetic energy of the splat fell below 10 Ϫ4 times the initial value. A single problem configuration was followed further and confirmed the validity of the above assumption.
Results and Sensitivity Studies for Completely
Melted Particles theoretical spreading degree of Madejski's model M , and computed spreading degree ) for a number of simulations performed.
The first part of the table (n ϭ 1 to 6) refers to simulaDifferent techniques to improve the computational mesh tions connected with the investigation of the functional have been investigated following the procedures described dependence of the spreading degree to the Reynolds in Section 2.3. In a first phase we have applied an a posteri-number R. The different cases are obtained as variations ori smoothing procedure of the mesh following Eq. (36). of droplet diameter and velocity of the reference case The weighting factor was chosen in this case to be the (n ϭ 1 in Table III ) while all the other parameters remain unity, attempting to produce finite elements with best geo-constant. The second part of the table (n ϭ 7, 8, 9) refers metrical shape and smooth variation of size within the to results obtained at the respective Reynolds number for mesh. This approach succeeds in providing an improved different thermal conditions, as specified in the text below mesh; see the details of the smoothed critical area in Fig. and in Fig. 8 . 6 (top), but the degeneration to a triangle of the element affected by the new contact is not removed. Since this problem is inherent to the above smoothing technique, at
TABLE III
least a partial regeneration of the mesh is required and its result for the present case is shown in Fig. 6 (bottom) .
Results of Simulations
The following results refer to computations based on an A typical splat evolution is shown both in Fig. 1 is shown, and in Fig. 4 , where the actual 2D discretization The last entry in Table III (n ϭ 10) refers to the parameters used in a study of the reference case but with a low viscosity, therefore a high Reynolds number, discussed below and in subsequent figures.
The values of obtained from our model are well below the theoretical predictions of Madejski's model and slightly higher than other numerical estimates (see data from Yoshida et al. [12] ). Madejski's simple relation (see Eq. (2)) is based on the assumption of a cylindrical deformation of the splat and for the case without solidification. Our model relaxes both the assumptions and the values for the spreading degree are found to be reduced. The data from Yoshida et al. [12] refer to a different material, namely Al 2 O 3 . A comparison among the different data is given in the (2)) by using in the present case a modified coefficient M ϭ 0.925:
The temporal evolution of and its dependence on mechanical and thermal parameters is shown in Fig. 8 . Mechanical parameters such as viscosity, initial velocity, and particle diameter (upper frame) have a major influence on the splashing process (see the upper frame of Fig. 8 , where cases n ϭ 1, 2, 6, and 10 in Table III are compared). The influence of viscosity on the splashing process is relevant: a low viscosity as expressed in Eq. (37) with A ϭ 0.97 corresponds to splats that evolve rather like a liquid than a viscous solid. In Fig. 9 a snapshot of the low viscosity case (A ϭ 0.97, case n ϭ 10 in Table III ) is compared with a high viscosity model (A ϭ 9.70, case n ϭ 1 in Table III) at the same instant. The calculations for the low viscosity cases (as curve (c) in Fig. 8) were interrupted due to the   FIG. 9 . Deformed mesh after 0.11 Ȑs.
appearance of extensive deformations at the contact sur-face, and high deterioration of the mesh in the melt (see Fig. 9 ). For this range of low viscosity, the redefinition of the mesh has to be performed rather continuously than only occasionally upon the occurrence of a new contact, as done in the high viscosity case. This fact may suggest the use of a combined Eulerian-Lagrangean technique as described in Section 2.3 and requires the definition of an artificial velocity field for the mesh nodal points such that the quality of the discretization mesh can be maintained throughout the flow of the material bounded by the deforming surface of the droplet ( cf. [22] ). In the following simulations only higher values for the viscosity have been used, since the present model is best suited for these cases.
Thermal parameters such as substrate temperature T ȍ , initial droplet temperature T o , and interface convection coefficient Ͱ c (Fig. 8, bottom frame) are found to have a minor influence on the spreading process but are important for the subsequent cooling and solidification phenomena. temperature is computed for three different substrate In fact, for almost all the parameters considered, temporal model materials. In the first two cases (curves (a) and (b) scales for splashing and solidification are different (see in Fig. 11 ) we have extended our model to include also a Table III ) and, therefore, these two processes are in fact discretization of the substrate to model conduction to the decoupled. The influence of thermal parameters on the substrate, while a layer of interface elements (0.2 Ȑm) was spreading degree is moderate, if they are kept within the used to impose the contact thermal resistance; curve (a) experimental range for the specific process. Curves n ϭ 1 corresponds to a zirconia substrate with thermal conductivand n ϭ 7 of the lower part of In the third case (curve (c)), curve n ϭ 5 and n ϭ 9, causes a variation of about 7% in the splat is just in contact with a heat sink, like all other . A visual assessment of the influence of thermal paramesimulation of the present account, with a value of the ters on can be made directly in Fig. 7 , where results substrate convection coefficient equivalent to the above for the same Reynolds number, but for different thermal contact thermal resistance, namely Ͱ c ϭ 1 ϫ 10 6 W/m 2 K. parameters, are also plotted.
No differences in cool-down behavior are present for about On the other hand, the same variation of thermal paramthe first 8 Ȑs. This observation indicates that spreading eters enhances the overlapping between mechanical evoluand cooling down until solidification are little affected by tion and the solidification processes. This fact is demonthe nature of the substrate. Other parametric studies (see strated in Fig. 10 , where the development of the Fig. 10) show the dependence on Ͱ c . The variation of splat solidification front inside the splat is followed for the cases emissivity and thermal conductivity inside the particle had n ϭ 5 and n ϭ 9 of Fig. 8 . The time instants at which practically no effect on cooling down curves and splashing elements undergo solidification is shown in the contour behaviour. These observations enforce the assumption that plot (note that splat shapes have been exaggerated in the cooling of the particle is essentially driven by the interheight by a factor of two to improve data readability). In face properties. the case of a high interface convection coefficient (case n ϭ 9) almost half the splat is solidified within 1 Ȑs, i.e., 4.3. Results for Partially Melted Particles the typical time for the splashing motion. It is interesting to note that, although the presence of solidification during Some computations have been performed to investigate numerically the thermal state of the particles before impact the spreading process influences the final spreading degree, the rapidity of solidification is not so critical; in fact the and to explore the possibility of the presence of unmelted material in the droplet at the instant of impact. The tempervariation in for the two cases described in Fig. 10 is limited to 7%. ature fields so obtained have then to be used as starting conditions for the thermomechanical spreading calcula-A final evidence of the small influence of material thermal properties in the time range of interest for the spread-tions assessing the influence of the presence of ummelted material on the final spreading degree. The issue of paring process is presented in Fig. 11 , where, with reference to the case n ϭ 5, the evolution of the average surface tially melted droplets has been considered previously by San Marchi et al. [35] on the basis of a modified Madejski surface of the droplet is exposed to the same gas temperature; heat exchange with the surrounding gas is modelled model. The authors assess the range of validity of their approach to be for solid fractions less than 0.40. Therefore, by convection; the path of the droplet is parallel to the flame axis. beyond the estimation of the unmelted fraction by the finite element thermal analysis, also investigations of the To deduce the temporal evolution of the temperature of the gas surrounding the droplet we utilized experimental performance of the present deformation model are justified. Thereby, the presence of unmelted material is simply data and theoretical calculations on flame temperature and particle velocity following Vardelle et al. [2] . Flame temperaccounted for by the different values of the parameters for the solid material in the respective region, in particular, ature and particle velocity curves from the cited work are reported in Fig. 12 . From droplet velocity and flame temthe higher value for the viscosity coefficient. The overall computational procedure remains unaltered and is perature curves we deduced the temperatures to which the particle is exposed as a function of the time of flight. These uniquely applied to both the melted and the unmelted parts of the material. temperature histories were used for the thermal calculations in the heating-up phase; the temporal variation of During its flight from the nozzle exit to the impact on the substrate, a ceramic droplet experiences a highly variable the gas temperature for a 40 Ȑm diameter droplet traveling along the flame axis and at 3.5 mm from the axis are shown external temperature field. At the beginning, as it exits the nozzle, its axial velocity is near zero, and the particle in Fig. 13 .
Some calculations have been performed with different remains in the hottest part of the flame, exposed to temperatures of the order of 15,000 K. After that, as the particle values for the temperature in the first part of the particle path. In fact, no data are available on this region of the accelerates and travels toward the target, the surrounding flame temperature decreases; if the target is far enough flame, where the temperature is higher and where the particle spends about half of its flight time due to the low from the flame (and this is the usual condition for the plasma spray process), the surrounding gas temperature initial velocity.
Different particle sizes and different distances of the becomes lower that the droplet temperature, and the surface temperature of the droplet starts to decrease. Thus, particle path from the flame axis have been considered in the transient temperature computation including phase the temperature distribution inside the particle depends on the flame's characteristics as well as on the droplet change during flight. Some typical radial temperature profiles at impact for a 40 Ȑm diameter droplet are shown in dimension and the path inside the flame. ature (2880 K for the case considered) at the instant of impact.
Two cases of partially melted particles have been considered for a complete thermomechanical simulation of the spreading process; namely the impacts of 83% and 36% melted particles, maintaining all the other mechanical and thermal parameters as in the reference case of Table III . The initial temperature distributions inside the particles were obtained by appropriate heating-up calculations, following the procedures described above (i.e., proper flight paths out of the flame axis were chosen to provide the required extent of the melted region and the temperature distribution inside the particles). The 83% melted particle has been obtained for the 40 Ȑm diameter droplet of Fig.  14 with 13 ,000 K initial flame temperature and traveling FIG. 13. Gas temperature history at particle for T flame ϭ 13,000 K.
3.5 mm from the flame axis. The 36% melted particle has been obtained for a similar case but for a trajectory 7 mm from the flame axis.
The profile of the splats at the end of the spreading is temperatures (namely 11,000, 13,000, and 15,000 K), and shown in Fig. 15 . The dark and light parts represent unfor the 13,000 K initial flame temperature, but traveling melted and liquid material, respectively. Three observa-3.5 mm from the flame axis. Two characteristic cases can tions can be made: be distinguished:
• the unmelted part of the droplet forms in both cases • particles traveling on the flame axis have a quite unia solid hemiellipsoidal core over which the liquid part flows form radial temperature profile, whatever the initial flame temperature is. Different average temperatures corre-• the 36% melted particle develops a jet of material on spond to different initial flame temperatures. The particles the outer ring, that can be interpreted as an indication for are in this case completely melted (or completely unmelted fragmentation, a fact quite often observed in such impacts if the flame temperature is too low).
in experiments [3] ; in this case the calculation was stopped even though the velocities in the jet were still high, because
• a different situation arises when the particle is traveling the condition of material fragmentation is not yet part of in a distance parallel to the flame axis: in this case the axial the numerical algorithm employed. temperature variation is high, and the particle is most often only partially melted. For the case described in Fig. 14 • very little additional solidification can been observed about one-half the particle radius is below melting temper-in the two cases investigated during the period of spreading.
The first observation is in agreement with experimental findings, where looking at the microstructures of plasmaspray coatings, unmelted particles can be seen to form hemispheres (or rather hemiellipsoids) when they hit the substrate.
Other authors (Cirolini et al. [16] ) developing qualitative models for the spreading process have suggested that the behaviour of a partially melted particle could be represented by the superposition of a completely melted plus a completely unmelted one, each considered independently: the unmelted particle forms a hemisphere (of equivalent volume), over which the melted one spreads, following a Madejski-type relation. A simple model based on the above assumptions is used as a test for the numerical results.
With reference to [16], let us assume that a fraction a of the particle volume is melted, i.e., V m ϭ aV. Then, if FIG. 14. Radial temperature variation for a 40 Ȑm diameter particle at impact.
we consider the partially melted particle to behave like ters investigated relative to typical plasma spraying conditions for zirconia powders, two different time scales for mechanical and thermal evolution exist: first, the liquid droplet spreads in a very short time (typically 0.5-1.0 Ȑs); two independent particles, the diameter of these two partithen it continues to cool down and solidifies within 10-20 cles will be respectively d m ϭ da 1/3 and d u ϭ d(1 Ϫ a) 1/3 , Ȑs from the beginning of impact. where d m is the initial diameter of the melted particle and
• the thermal evolution in the splat during and after d u is the initial diameter of the unmelted particle. Thus, splashing is in all cases driven by the thermal properties for a completely unmelted particle (a ϭ 0) forming a hemiof the interface. Thermal exchanges with the gas and splat sphere of final diameter D, material properties play only a minor role in the cooling process.
• the computed flattening degrees are well below the represents the minimum value for . For a partially melted theoretical previsions of Madejski's model [17] . The results particle, the melted part is assumed to act as a particle of the simulations are reasonably fitted by a relation of with diameter d m ϭ da 1/3 ; therefore following Eq. (2), Madejski's type (see Eq. (2)), but using a modified proportionality coefficient M equal to 0.925.
• the presence of unmelted material in the droplet is
. (40) found to decrease even more the flattening degree, and it was seen that a simple model which assumes a decoupled Table IV compares the results of the complete simula-behaviour for the melted and unmelted parts provides a tion with the simple qualitative model predictions for M good quantitative description of the phenomena. ϭ 0.925 (see Eq. (38)). The presence of unmelted material More experimental information is clearly necessary to in the droplet is found to decrease the spreading degree, further improve and validate the model. Work is in progand a simple model that assumes a decoupled behaviour ress to obtain relevant data. for the melted and unmelted parts provides a good quantiIn order to apply the model to lower viscosity materials tative description of the phenomena. It is interesting to an implementation of a mixed Lagrangean-Eulerian apnote that the present result is in accordance with the quan-proach appears necessary. This development will complete titative findings of San Marchi et al. [35] for the range of the present computational model and allow its employment validity of their approach, i.e., for solid fractions less than within the wide range of process parameters and material 0.40 that corresponds in our case to value of a between properties encountered in the plasma-spray manufactur-1.0 and 0.6. As a matter of fact, the same reduction is ing process. observed in the spreading degree, and it is confirmed that additional solidification may be regarded a minor effect. and cooling of high-temperature droplets of zirconia on solid substrates under plasma-spray conditions have been
